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Effects of strong longitudinal color fields (SLCF) on the identified (anti)particle transverse mo-
mentum (pT ) distributions in pp collision at
√
s = 7 TeV are investigated within the framework of
the HIJING/BB¯ v2.0 model. The comparison with the experiment is performed in terms of the cor-
relation between mean transverse momentum (〈pT 〉) and multiplicity (N∗ch) of charged particles at
central rapidity, as well as the ratios of the pT distributions to the one corresponding to the minimum
bias (MB) pp collisions at the same energy, each of them normalized to the corresponding charged
particle density, for high multiplicity (HM, Nch > 100) and low multiplicity (LM, Nch < 100) class
of events. The theoretical calculations show that an increase of the strength of color fields (as char-
acterized by the effective values of the string tension κ), from κ = 2 GeV/fm to κ = 5 GeV/fm
from LM to HM class of events, respectively, lead to a ratio at low and intermediate pT (i.e.,
1GeV/c < pT < 6 GeV/c) consistent with recent data obtained at LHC by the ALICE Collabo-
ration. These results point out to the necessity of introducing a multiplicity (or energy density)
dependence for the effective value of the string tension. Moreover, the string tension κ = 5 GeV/fm,
describing the pT spectra of ID (anti)particle in pp collisions at
√
s = 7 TeV for high charged particle
(HM) multiplicity event classes, has the same value as the one used in describing the pT spectra
in central Pb - Pb collisions at
√
sNN = 2.76 TeV. Therefore, we can conclude that at the LHC
energies the global features of the interactions could be mostly determined by the properties of the
initial chromoelectric flux tubes, while the system size may play a minor role.
PACS numbers: 12.38.Mh, 24.85.+p, 25.75.-q, 24.10.Lx
I. INTRODUCTION
Relativistic and ultra-relativistic heavy-ion experimen-
tal data evidenced global features such as flow, baryon-
meson anomaly, (multi)strange enhancement, jet quench-
ing which support the interpretation within theoretical
(phenomenological) models as originating from a decon-
fined, strongly interacting thermalised phased, coined
Quark-Gluon Plasma (sQGP). In contrast, no similar ef-
fects were observed in proton-proton (pp) and proton-
nucleus (p − A) collisions, these results being consid-
ered of interest only as reference data for nucleus-nucleus
(A − A) collisions. Features reminiscent from heavy-ion
phenomenology have been recently evidenced in such re-
actions at the LHC energies, i.e., long range near side
ridge in particle correlations [1–4], collective flow [5–7]
or strangeness enhancement [8] observed in high charged
particle multiplicity events. The nature of these similar-
ities is still an open question. Do they originate from
a deconfined phase following a hydrodynamic evolution
like in nucleus-nucleus (A − A) collisions or are they a
consequence of the initial state dynamics manifested in
the final state observables [5, 9–11] ? Most probable the
two processes coexist, with a dense thermalised central
∗ mpetro@nipne.ro
core and an outer corona. Such a picture is success-
fully implemented in the EPOS model (Energy sharing
Parton based theory with Off-shell remnants and ladder
Splitting)[12–14]. The core-corona interplay in the light
flavor hadron production for Pb - Pb collisions at
√
sNN
= 2.76 TeV was recently discussed in Ref. [15]. There-
fore, the study of of pp, p − A and A − A collisions as
a function of charged particle multiplicity has gathered
recently much attention both, experimentally and theo-
retically.
The non-perturbative particle creation mechanisms in
strong external fields play an important role from e+e−
pair creation in quantum electrodynamics (QED) [16],
up to pair creation of fermions and bosons in strong non-
Abelian fields [17–30]. In high-energy heavy-ion colli-
sions, strong color fields are expected to be produced be-
tween the partons of the projectile and target. Particle
production in high energy pp and A−A collisions can be
described within chromoelectric flux tube (strings) mod-
els [31–33].
In a string fragmentation phenomenology, it has
been proposed that the observed strong enhancement of
strange particle production transverse momentum distri-
bution in nuclear collisions could be naturally explained
via strong longitudinal color field effects (SLCF) [17–20].
Recently, an extension of color Glass Condensate (CGC)
theory has proposed a more detailed dynamical model of
color ropes “GLASMA” [34–36].
2Strong longitudinal fields (flux tubes, effective strings)
decay into new ones by quark anti-quark (qq¯ ) or diquark
anti-diquark (qq-qq) pair production before hadroniza-
tion. Due to confinement, the color of these strings is
restricted to a small area in transverse space [24]. With
increasing energy of the colliding particles, the number
of strings grows and they start to overlap, producing
clusters. This is the origin of the energy density depen-
dence of particle production [37]. The effect of modi-
fying the string tension due to local density has been
studied in Monte Carlo models, which are used primar-
ily for heavy-ion collisions [38–43]. In the Partons String
Models (PSM) string fusion and percolation effects on
strangeness and heavy flavor production have also been
discussed in Refs. [44–47]. A similar model with string
fusion into color ropes is considered in the Dipole evo-
lution in Impact Parameter Space and rapidity (DIPSY)
[11, 48, 49]. String collective effects were also introduced
in a multi-pomeron exchange model to improve the pro-
duction of hadrons in pp collisions at the LHC energies
[50–52].
Heavy Ion Jet Interacting (HIJING) type models,
[32, 33], HIJING2.0 [53, 54] and HIJING/BB¯ v2.0 [55–65],
were developed in order to explain the hadron production
in pp, p− A and A−A collisions. These approaches are
based on a two-component geometrical model of mini-jet
production and soft interaction and incorporate nuclear
effects such as shadowing and jet quenching, via final
state jet medium interaction. HIJING/BB¯ v2.0 model
[57, 59] includes new dynamical effects associated with
long range coherent fields (i.e, strong longitudinal color
fields, SLCF), via baryon junctions and loops [56, 66].
At RHIC it was shown [55–57] that the dynamics of
strangeness production deviates from calculations based
on Schwinger-like estimates for homogeneous and con-
stant color fields [16], pointing to a possible contribution
of fluctuations of transient SLCF. These fields are rather
similar to those which could appear in a GLASMA [35]
at initial stage of the collisions. The typical field strength
of SLCF at ultra-relativistic energies, in a scenario with
QGP phase transition, was estimated to be about 5-12
GeV/fm [67].
Global observables and identified particle (ID) data,
including (multi)strange particles production in pp [59,
60, 63] p - Pb [62, 64, 65] and Pb - Pb collisions [61]
at the LHC energies were successfully described by HI-
JING/BB¯ v2.0 model. However, correlations among dif-
ferent measurable quantities in multi-particle production
offer a better way to constrain the models. In this pa-
per we extend our study to identified particle (i.e., π,
K, p, Λ, Ξ, Ω and their anti-particle) produced in small
collision systems. We will perform a detailed analysis of
correlations between average transverse momentum 〈pT 〉
and charged particles multiplicity (N∗ch) and for the ra-
tio of double differential cross sections normalized to the
charged particle densities (dNch/dη) versus multiplicity,
i.e.,
Rmb (cen) =
(
d2N
dydpT
〈dNchdη 〉
)cen
i
/
(
d2N
dydpT
〈dNchdη 〉
)ppMB
i
(1)
where i = identified particle in pp collisions, ”cen” stand
for multiplicity event classes. We will consider high mul-
tiplicity (HM; Nch > 100), and low multiplicity (LM;
Nch < 100 ) classes. MB stand for minimum bias events.
The charged particle densities dNch/dη are integrated
values at mid-pseudo-rapidity |η| < 0.5 for that class of
events. The pT distributions of ID particle were recently
measured in pp collisions at
√
s = 7 TeV for different mul-
tiplicity classes of events by ALICE Collaboration [68–
71].
II. HIJING/BB¯ V2.0 MODEL.
The HIJING1.0 model has been discussed in detail in
our previous papers [59, 60, 63]. Here we briefly summa-
rize the main assumptions and parameters determined as
in [59].
The production rate for a quark pair (qq¯) per unit vol-
ume for a uniform chromoelectric flux tube with field (E)
being:
Γ =
κ2
4π3
exp
(
−πm
2
q
κ
)
, (2)
[19, 72, 73], strong chromoelectric fields are required,
κ/m2q > 1, for a significant production rate. Conse-
quently, the production rate of heavy quark pair QQ¯ is
suppressed by a factor γQQ¯ [72]:
γQQ¯ =
ΓQQ¯
Γqq¯
= exp
(
−π(m
2
Q −m2q)
κ
)
, (3)
The suppression factors are calculated for Q = qq (di-
quark), Q = s (strange), Q = c (charm), or Q = b (bot-
tom) (q means u or d quark). The quark masses used
in the present paper are: ms = 0.12 GeV, mc = 1.27
GeV, mb = 4.16 GeV [74], and for di-quark mqq = 0.45
GeV [75]. The following effective massesM effqq = 0.5 GeV,
M effs = 0.28 GeV and M
eff
c = 1.27 GeV have been con-
sidered. For these values and a vacuum string tension
κ0 = 1 GeV/fm, Eq. 3 gives the following suppression
of heavier quark production pairs: uu¯ : dd¯ : qqqq : ss¯
: cc¯ ≈ 1 : 1 : 0.02 : 0.3 : 10−11 [63]. On the other
hand, if the effective string tension value κ increases to
κ = fκκ0 (with fκ > 1), as it is the case for a colour
rope, the value of γQQ¯ increases. A similar increase of
γQQ¯ is obtained if the quark mass decreases from mQ to
mQ/
√
fκ. It was shown [59] that such a dynamical mech-
anism gives better agreement with the measured strange
3meson/hyperon ratios at the Tevatron and at LHC ener-
gies. It is also known that the A − A collision data are
reproduced using flux tubes with much larger string ten-
sion relative to the fundamental string tension linking
a mesonic quark-antiquark pair [17, 24]. As the initial
energy densities produced in the collision, ǫini, is propor-
tional to mean field values < E2 > [24], and κ = eeffE,
ǫini ∝ κ2. Based on Bjorken approach the ǫini is pro-
portional with charged particle density at mid-rapidity.
Therefore, κ2 ∝ (dNch/dη)η=0 and κ ∝ Qsat,p, similar
with CGC model, as it was discussed in Ref. [60]. The
energy dependence of the charged particle density at mid
rapidity in pp collisions up to the LHC energies was de-
scribed using a power law dependence:
κ(s) = κ0 (s/s0)
0.04 GeV/fm, (4)
consistent with the value deduced in CGC model for
Qsat,p [77].
Following equation 4, at
√
s = 0.2 TeV the effective
string tension value is κ = 1.5 GeV/fm while at
√
s = 7
TeV κ = 2.0 GeV/fm. Previous papers [56–59, 61, 63]
presented the dependence of different observables on the
string tension values. The phenomenological parametri-
sation Eq. 4, is supported by the experimental results on
charged particle densities at mid-rapidity (dNch/dη)η=0.
Within the error bars the
√
(dNch/dη)η=0 shows a power
law s0.05 dependence for inelastic pp and s0.055 depen-
dence for non-single diffractive events [78, 79]. In A−A
collisions the effective string tension value could also
increase due to in-medium effects [61], or as a func-
tion of centrality. This increase is considered in our
phenomenology by an analogy with CGC model, i.e.:
κ(s, A) ∝ Qsat,A(s, A) ∝ Qsat,p(s)A1/6. Therefore, in
the present analysis for A − A collisions we used κ =
κ(s, A):
κ(s, A)LHC = κ(s)A
0.167 = κ0 (s/s0)
0.04A0.167 GeV/fm,
(5)
Eq. 5 gives κ(s, A)LHC ≈ 5 GeV/fm, for Pb - Pb colli-
sions at
√
sNN = 2.76 TeV. The suppression factor γQQ¯,
approach unity in Pb - Pb collisions at
√
sNN = 2.76
TeV, for κ ≥ 5 GeV/fm. The mean effective values of the
string tension κ(s) for pp collisions (Eq. 4) and κ(s, A) for
Pb - Pb collisions (Eq. 5) are used in the present calcula-
tions. As a concequence the various suppression factors
and the intrinsic (primordial) transverse momentum kT
increase [59, 60]. We would like to mention also that
for a better description of the baryon/meson anomaly
evidenced at RHIC and LHC energies we introduced a
specific JJ¯ loops, (for details see Refs. [61, 63]). The
absolute yield of charged particles, dNch/dη, is sensitive
to the low pT < 2 GeV/c non-perturbative hadroniza-
tion dynamics. This was considered based on LUND [80]
string JETSET [81] fragmentation constrained by lower
energy ee, ep, pp data. The hard pQCD contribution is
estimated in HIJING/BB¯ v2.0 using PYTHIA [82] subrou-
tines. Details on shadowing and jet quenching are given
in Ref. [60]. The main advantage of HIJING/BB¯ v2.0 over
PYTHIA 6.4 resides in the SLCF colour rope effects that
arise from longitudinal fields amplified by the random
walk in color space of the high x valence partons in A -
A collisions. A broad fluctuation spectrum of the effec-
tive string tension could be induced by this random walk.
The present work is focussed on the effect of a larger effec-
tive value κ > 1 GeV/fm on the production of identified
particles measured in Pb - Pb, p - Pb and pp collisions
at LHC energies. While the present approach is based
on the time-independent strength of colour field, in real-
ity the production of QQ¯ pairs is a far-from-equilibrium,
time and space dependent complex, phenomenon. There-
fore, the influence of time dependent fluctuations can’t
be addressed within the present approach.
III. NUMERICAL RESULTS AND DISCUSSION
A. The average transverse momentum 〈pT 〉 versus
Nch correlations
The HIJING/BB¯ v2.0 model predicts many experimen-
tal observables (charged hadron pseudo-rapidity distribu-
tions, transverse momentum spectra, identified particle
spectra, baryon-to-meson ratios) using the above values
for the effective string tension, κ (see Sec. II) [59, 60, 62–
64].
The ALICE Collaboration has reported measurements
of the average transverse momentum 〈pT 〉 versus charged
particles N∗ch at central rapidity in pp at
√
s = 7 TeV , p -
Pb at
√
sNN = 5.02 TeV, and Pb - Pb collisions at
√
sNN
= 2.76 TeV [83]. The analysis range was restricted to
a transverse momentum 0.15 < pT < 10 GeV/c and to
a mid-pseudo-rapidity range |η| < 0.3. Figure 1 shows
the results obtained with HIJING/BB¯ v2.0 model (open
symbols) for pp collisions at
√
s = 7 TeV (left panel)
and p - Pb at
√
sNN = 5.02 TeV (right panel). As we
can see in Fig. 1 a continuous increase of 〈pT 〉 with N∗ch
is observed for both reactions. Therefore, to calculate
the correlation 〈pT 〉Nch vs N∗ch , we first investigate in a
model of hadronizing strings if the above increase could
be attributed to the effects of SLCF and the results are
given for different strength of color fields quantified by an
effective value of the string tension from κ = 1 GeV/fm
(default value) up to κ = 5 GeV/fm. As we could remark,
the calculations with the default value κ = 1 GeV/fm, de-
scribe better the pp data. An alternative explanation of
the increase of 〈pT 〉 with N∗ch should be naturally given in
the context of the fragmentation of multiple minijets em-
bedded in HIJING type models [32] and was discussed in
the early 90s for pp¯ collisions at
√
s = 1.8 TeV [18, 20, 33].
The large multiplicity events are dominated by multiple
minijets while low multiplicity events are dominated by
those of no jet production. Few partons are enough to
explain the increase of 〈pT 〉 with N∗ch. We may also con-
clude that these correlations in pp collisions at
√
s = 7
TeV are not sensitive to the soft fragmentation region,
where we expect that SLCF effects are dominant. In
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FIG. 1. Open symbols-HIJING/BB¯ v2.0 predictions for the average transverse momentum (〈pT 〉) of charged particles as a
function of multiplicity at mid-pseudo-rapidity N∗ch. Left panel-pp collisions at
√
s = 7 TeV for 0.15 < pT < 10 GeV/c and
mid-pseudo-rapidity |η| < 0.3; Right panel-p - Pb collisions at √sNN = 5.02 TeV for 0.15 < pT < 10 GeV/c and mid-rapidity
|η| < 0.3. The theoretical results are obtained for different effective string tensions increasing from κ = 1 GeV/fm (default) up
to κ = 5 GeV/fm. The ALICE data (filled circles) are from Ref. [83]. The errors represent systematic uncertainties on 〈pT 〉.
The statistical errors are negligible.
contrast, for p - Pb collisions the theoretical calculations
compared to data [83] in Fig. 1 (right panel) show bet-
ter agreement if the value of κ is increased from κ = 1
GeV/fm to κ = 3 GeV/fm.
We will study now the effect of an enhanced value of
the effective string tension κ on the correlation of 〈pT 〉
versusN∗ch for ID particle in pp and p - Pb collisions at
√
s
= 7 TeV, and
√
sNN = 5.02 TeV, respectively. Shown in
Fig. 2 are our theoretical calculations (open symbols) in
comparison with data [68, 69, 71] on the 〈pT 〉 of π++π−,
K++K−, p+ p¯, Ξ−+Ξ¯+, and Ω−+Ω¯+ for 0 < pT < 10
GeV/c and mid-rapidity |y| < 0.5 versus charged parti-
cle multiplicity N∗ch (selected in the |η| < 0.5 range) for
pp collisions at
√
s=7 TeV. The results (open symbols)
are given for two values of the effective string tension
κ = 2 GeV/fm (left panel) and κ = 5 GeV/fm (right
panel). The data show an increase of 〈pT 〉 with increased
multiplicity and with the particle mass, facts fairly well
described by the model. Note, that for clarity we did
not include here the results for Λ + Λ¯. Since the mass
difference between lambda and proton is very small, the
results are almost the same [68]. The 〈pT 〉 increases with
increasing multiplicity as the effect of the strong longi-
tudinal color field embedded in our model. A modified
string fragmentation using κ = 2 GeV/fm increase the
production rate for heavier particles. Moreover an in-
crease of the width of the primordial (intrinsic) transverse
momentum (kT ) distribution from the default value of
the Gaussian (σq = σqq = 0.350 GeV/c) to larger values
for the (anti)quark (σ′′q =
√
κ/κ0 · σq) and (anti)diquark
(σ′′qq =
√
κ/κ0 · f · σqq), where f = 3 [59, 60], contribute
also to an increases of the heavier particles production
rate. This provides a consistent evidence that modified
fragmentation obtained by an enhanced κ from the de-
fault value κ = 1 GeV/fm and minijet production as im-
plemented in HIJING/BB¯ v2.0 model lead to a fairly good
description of these observables. However, the model
give only partial agreement of 〈pT 〉 values for ID par-
ticle at high multiplicity. The model describes well 〈pT 〉
of π++π−, p+ p¯, Λ+Λ¯, but the results strongly underes-
timate the 〈pT 〉 of (multi)strange particles as K++K−,
and Ξ− + Ξ¯+, and Ω− + Ω¯+. We studied if one can find
a scenario that would give a larger enhancement of the
〈pT 〉 of (multi)strange particles. We consider the effect of
a further increase of the string tension to κ = 5 GeV/fm
and the results are presented in Fig. 2 (right panel).
Note that a value κ ≈ 5κ0 GeV/fm is also supported
by the calculations at finite temperature (T ) of poten-
tials associated with a qq¯ pair separated by a distance r
[84]. The finite temperature (T ) form of the qq¯ potential
has been calculated by means of lattice QCD [86]. At
finite temperature, there are two potentials associated
with a qq¯ pair separated by a distance r: the free en-
ergy F (T, r) and potential energy V (T, r). The free and
potential energies actually correspond to slow and fast
(relative) motion of the charges, respectively. Infrared
sensitive variables such as string tension, their derivatives
with respect to r, are very helpful to identify specific de-
grees of freedom of the plasma. Since the confinement
of color in non-Abelian theories is due to the magnetic
degree of freedom, the magnetic component is expected
to be present in the plasma as well. In the presence of
the chromo-magnetic scenario it was shown that the ef-
fective string tension of the free energy κ = κF decreases
with T , to near zero at critical temperature (Tc). In con-
trast, the effective string tension of the potential energy
(corresponding to a fast relative motion of the charges)
κ = κV remains nonzero below ∼T = 1.3Tc with a peak
value at Tc of about 5 times the vacuum tension κ0 (κV
50
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
0 5 10 15 20 25 30
< p
T >
 
[Ge
V/c
]
charged particle multiplicity, N*ch (| h | < 0.5)
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
0 5 10 15 20 25 30
< p
T >
 
[Ge
V/c
]
charged particle multiplicity, N*ch (| h | < 0.5)
FIG. 2. Open symbols-HIJING/BB¯ v2.0 predictions for the average transverse momentum (〈pT 〉) of identified particle for
0 < pT < 10 GeV/c and mid-rapidity |y| < 0.5 as function of charged particle multiplicity, N∗ch in pp collisions at
√
s = 7
TeV. The results are obtained with an effective string tension value, κ = 2 GeV/fm (left side) and κ = 5 GeV/fm (right side).
For clarity we do not include the results for Λ. The ALICE preliminary data (filled symbols) are from Ref. [68, 69, 71]. Only
statistical error bars are shown.
= 5 GeV/fm) [84, 85].
The above calculations for κ ≈ 5κ0 GeV/fm result in
only a modest increase of the 〈pT 〉 of kaons (K++K−) by
10-15 % and a better description of 〈pT 〉 of multi-strange
particles (Ξ−+Ξ¯+ and Ω−+Ω¯+) only at low multiplicity
(Nch < 15). In our calculations the discrepancy obtained
for 〈pT 〉 of kaons does not appear to turn over for κ = 5
GeV/fm as expected. This discrepancy may be related
to the kaon enhancement reported first in Ref. [89] at
Tevatron energies and confirmed now at LHC energies
[68, 69, 71]. Note, that new PYTHIA8 model which in-
cludes a specific increase of the string tension values [10],
also could not describe better the 〈pT 〉 of kaons in pp
collisions at
√
s = 7 TeV. Further analysis are necessary
in order to draw a definite conclusion.
In the HIJING/BB¯ v2.0 model the collective behavior
is a consequence of the confining strong color fields, re-
sulting in an interaction between strings that is without
diffusion or loss of energy [11]. Therefore, for values of
string tension between 5 and 10 GeV/fm (the calcula-
tions are not included here) a saturation seems to set in,
possibly as an effect of energy and momentum conserva-
tion, as well as due to a saturation of strangeness sup-
pression factors. Similar conclusions could be drawn for
〈pT 〉 of ID particles versus charged particle multiplicity,
N∗ch measured in p - Pb collisions at
√
sNN = 5.02 TeV.
The results (open symbols) are obtained in the range
0 < pT < 10 GeV/c and mid-rapidity 0.0 < ycm < 0.5,
and are shown in Fig. 3.
Up to now, the microscopic origin of enhanced
(multi)strange particles production is not known. It is,
therefore, a valid question whether small systems (high
multiplicity pp and p - Pb ) exhibit any behavior of the
kind observed in heavy-ion collisions. Bjorken suggested
the possibility of deconfinement in pp collisions [90]. Van
Hove [91] and Campanini [92] suggested that an anoma-
lous behavior of average transverse momentum (〈pT 〉) as
a function of multiplicity could be a signal for the oc-
currence of a phase transition in hadronic matter, i.e.,
formation of a mini quark-gluon plasma (mQGP). The
long range near side ridge in particle correlations ob-
served in high multiplicity events [1–4], collective flow
[5–7] and strangeness enhancement [8] were evidenced in
pp collisions at the LHC energies and support such hy-
pothesis. However, a fundamental question remains, are
such correlation of 〈pT 〉 vs N∗ch for ID particle in small
systems (pp, p - Pb collisions) of collective origin, at-
tributed to a hydrodynamic evolution like in Pb - Pb
collisions, or they are a natural consequence due to ini-
tial state dynamics that show-up in the final state ob-
servables [11]? Collective hydrodynamic flow as a sig-
nature of sQGP is well established in Pb - Pb colli-
sions at LHC energies. Such conclusions can be drawn
from measurements of the invariant transverse momen-
tum spectra of identified particles in central Pb -Pb
collisions at
√
sNN = 2.76 TeV. In Fig. 4 we consider
the results for light identified charged hadrons in Pb
- Pb collisions (solid histograms) in comparison with
those produced in pp collisions (dashed histograms) at√
s = 2.76 TeV. The experimental data are from AL-
ICE Collaboration Ref. [94]. The calculations are per-
formed taking an effective value of the string tension κ
with an energy and mass dependence as in Eq. 5, i.e.,
κ(s, A)LHC = κ(s)A
0.167 = κ0 (s/s0)
0.04A0.167 GeV/fm.
This formula leads to κ(s, A)LHC ≈ 5 GeV/fm, in Pb -
Pb collisions at c.m. energy per nucleon
√
sNN = 2.76
TeV. In pp collisions we consider only variation with en-
ergy, i.e., κ(s) = κ0 (s/s0)
0.04 GeV/fm, which gives a
value of κ≈1.9 GeV/fm. The results obtained within our
model show a partial agreement with data, since a large
pressure in the initial state, leading to flow especially for
(anti)protons, is not considered in string fragmentation
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FIG. 3. Open symbols - HIJING/BB¯ v2.0 predictions for the average transverse momentum (〈pT 〉) of identified particle in
the range 0 < pT < 10 GeV/c and mid-rapidity 0.0 < ycm < 0.5 as function of charged particle multiplicity, N
∗
ch in p - Pb
collisions at
√
sNN = 5.02 TeV. The results (open symbols) are obtained with an effective string tension value, κ = 3 GeV/fm
(left side),and κ = 5 GeV/fm (right side). For clarity we do not include the results for Λ. The ALICE data (filled symbols)
are from Ref. [87]. Only statistical error bars are shown.
models.
B. Ratio of normalized transverse momentum
distributions
The measured transverse momentum distributions for
ID particles for different multiplicity bins have been re-
cently reported by ALICE Collaboration in pp collisions
at
√
s = 7 TeV [68–71]. The transverse momentum spec-
tra of the identified hadrons (ID) were measured for sev-
eral event multiplicity classes from the highest (class I)
to the lowest (class X) multiplicity class, corresponding
to approximately 3.5 and 0.4 times the average value in
the integrated sample (< dNch/dη >
MB ≈ 6.0), respec-
tively. In the experiment the multiplicity classes are de-
fined based on the total charge deposited in the V0A and
V0C detectors located at forward (2.8 < η < 5.1) and
backward (−3.7 < η < −1.7) pseudorapidity regions, re-
spectively. The event multiplicity estimator is taken to
be the sum of V0A and V0C signals denoted as V0M.
The average charged particle density (< dNexpch /dη >),
is estimated within each such multiplicity class by the
average of the tracks distribution in the region |η| < 0.5.
Based on these spectra and minimum bias results we
will study here the ratio of double differential cross
sections normalized to the charged particle densities
dN thch/dη versus multiplicity, i.e., the ratio Rmb defined
in Eq. 1.
For theoretical calculations within HIJING/BB¯ v2.0
model we will chose different classes of event activity cut-
ting on the total multiplicity (Nch) for each 10
6 set of
events generated using two effective string tension val-
ues, i.e., κ = 2.0 GeV/fm and an enhanced value of κ
= 5.0 GeV/fm. Moreover, the average charged particle
density, is estimated (for both set of events) within each
multiplicity class of events, by the integrated value of
dN thch/dη at mid-pseudorapidity (|η| < 0.5). In addition,
we generate also 106 minimum bias (MB) events for κ
= 2.0 GeV/fm. Note, that for this selection theoretical
calculations give an integrated charged particle density
at mid-pseudorapidity (|η| < 0.5), (dN thch/dη)MB = 5.7,
close to the experimental value < dNch/dη >
MB ≈ 6.0
quoted above.
We will consider six classes of event activity defined
as:
• class I: 200 ≤ Nch < 300 ; dN thch/dη = 30.9 (for κ
= 2 GeV/fm); dN thch/dη = 25.2 (for κ= 5 GeV/fm).
• class II: 120 ≤ Nch < 200 ; dN thch/dη = 18.6 (for κ
= 2 GeV/fm); dN thch/dη = 15.1 (for κ= 5 GeV/fm).
• class III: 100 ≤ Nch < 120 ; dN thch/dη = 12.5 (for κ
= 2 GeV/fm); dN thch/dη = 10.3 (for κ= 5 GeV/fm).
• class IV: 80 ≤ Nch < 100 ; dN thch/dη = 9.7 (for κ =
2 GeV/fm); dN thch/dη = 7.8 (for κ = 5 GeV/fm).
• class V: 60 ≤ Nch < 80 ; dN thch/dη = 7.1 (for κ =
2 GeV/fm); dN thch/dη = 5.7 (for κ = 5 GeV/fm).
• class VI: 30 ≤ Nch < 60 ; dN thch/dη = 4.7 (for κ =
2 GeV/fm); dN thch/dη = 3.9 (for κ = 5 GeV/fm).
For comparison to data from Refs. [69, 70] we show in
Fig. 5, Fig. 6, and Fig. 7 the results of the HIJING/BB¯
v2.0 predictions for transverse momentum distributions
at mid-rapidity for light hadrons, i.e., π,K, p and their
anti-particles in two multiplicity classes, class I (panels
a, b) and class V (panels c, d). The model estimates
are represented by solid (dashed) histograms for κ = 2
GeV/fm and κ = 5 GeV/fm, respectively. For compari-
son with data, the experimental spectra (open stars) are
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FIG. 4. (color online) HIJING/BB¯ v2.0 predictions for the invariant yields of identified particles in central Pb -Pb collisions
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FIG. 5. HIJING/BB¯ v2.0 results for transverse momentum (pT ) distributions at mid-rapidity for charged pions in two mul-
tiplicity classes (see text for explanation). The results for High (Low) multiplicity class of events are presented in the panels
a,b and panels c,d, respectively. The solid (dashed) histograms are obtained using κ = 5 GeV/fm (κ = 2 GeV/fm) for High
(class I) and Low (class V) multiplicity class of events. The results for minimum bias pp collisions obtained for κ = 2 GeV/fm
(dotted histograms) are included and compared to data from ALICE [88] (open circles) and CMS Collaborations [93] (open
squares). Panel e (f) include the ratios Rmb obtained using κ = 2 GeV/fm (κ = 5 GeV/fm) respectively. The upper dashed
and solid histograms are for HM (class I), and the lower dashed and solid histograms are for LM (class V) class of events. The
experimental ratio Rmb was calculated by us based on average pT spectra of particle and anti-particle measured (open stars)
by ALICE Collaboration [69–71]. Only statistical error bars are shown.
chosen for an average value of< dNexpch /dη > similar with
those obtained in the model, dN thch/dη (see the above six
classes of event activity). The results for minimum bias
pp collisions obtained for κ = 2 GeV/fm are represented
by dotted histograms. Data for MB are from Ref. [88]
(open circles) and Ref. [93] (open squares).
The ratio of double differential cross sections normal-
ized to the charged particle densities, Rmb (calculated
by us) is plotted for high (class I) and low (class V)
multiplicity classes in panels e, f by dashed and solid
histograms for κ = 2 GeV/fm and κ = 5 GeV/fm, re-
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FIG. 6. The same as in Fig. 5 for charged kaons.
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FIG. 7. The same as in Fig. 5 for protons and anti-protons.
spectively. This ratio is based on average pT spectra of
particle and anti-particle measured (open stars) by AL-
ICE Collaboration [69–71]. In the calculations we take
into account the variation of strong color (electric) field
with energy. The assumed effective value of the string
tension is κ = 2 GeV/fm (panel e) corresponding to
κ(s) = κ0 (s/s0)
0.04 GeV/fm (see Eq. 4). Since we ex-
pect in high multiplicity proton-proton collisions features
that are similar to those observed in Pb - Pb collisions, we
consider also the results obtained for an enhanced value
of effective string tension to κ = 5 GeV/fm (see panel
f). The agreement with the data is fairly good in the
limit of the error bars, except for very low pT < 1 GeV
values. The experimental spectra show a small depletion
at high multiplicity at very low pT , indicating possible
influence of the radial flow. The transverse momentum
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FIG. 8. The HIJING/BB¯ v2.0 model predictions for Λ + Λ¯ produced in pp collisions at
√
s = 7 TeV. The ratios of the
normalized pT distributions, Rmb (see Eq. 1) for six multiplicity classes (see text for explanation) based on average pT spectra
of particle and anti-particle. From top to bottom the calculations correspond to class (I) to class (VI) multiplicity events.
Left-the results obtained with κ = 2 GeV/fm; Right- the results obtained with (κ = 5 GeV/fm).
spectra of identified particles carrying light quarks and
their azimuthal distributions are well described by hy-
drodynamical models [12, 13] at very low pT . However,
as far as in the string model the pressure is not consid-
ered, it is not expected to describe such effects which
could originate from collective expansion. At low and
intermediate pT (1 GeV/c < pT < 6 GeV/c), the non-
perturbative production mechanism via SLCF produces
a clear split between High and Low multiplicity events.
For the highest multiplicity (class I), we see a harden-
ing of the pT spectra for π,K, p and their anti-particles.
However, within the experimental errors, the agreement
between the model predictions and experiment in terms
of Rmb is rather similar for both values of the string ten-
sion, i.e. κ = 2 GeV/fm and κ = 5 GeV/fm for pions
and kaons. For protons, the agreement is definitely bet-
ter at low charged particle multiplicity (class V) for κ =
2 GeV/fm and at higher charged particle multimplicity
(class I) for κ = 5 GeV/fm. Due to strange quark content
of (multi)strange particle the study of the ratio Rmb is of
particular interest. Since we expect higher sensitivity to
SLCF effects for (multi)strange than for bulk particles,
measurements of pT distributions at mid-rapidity as well
as the ratio Rmb could help to evidentiate these effects,
within the phenomenology embedded in HIJING/BB¯ v2.0
model.
Figure 8 show the ratios of the normalized pT distribu-
tions, Rmb of Λ+Λ¯ produced in p+p collisions at
√
s = 7
TeV. The results for six multiplicity classes (class I to
class VI) based on average pT spectra of particle and
anti-particle are included. From top to bottom the cal-
culations correspond to highest (class I) to lowest (class
VI) multiplicity events. Left (Right) panels are the re-
sults obtained with κ = 2 GeV/fm (κ = 5 GeV/fm) re-
spectively. We remark a clear hardening of the pT spectra
for high multiplicity, especially for Nch > 100 (class III
to class I events), where a change in the slope is obvious.
The effect is more evident for an enhanced effective value
of string tension κ = 5 GeV/fm (see Fig. 8 right panel).
Similar results (not included here) are obtained for multi-
strange particles, i.e., Ξ and Ω. High multiplicity events
have a higher fraction of heavier particles, meaning with
a higher strangeness content. We can explain this fact
as an effect of strong color field embedded in our model.
Note, that Nch > 120 is also the charged particle multi-
plicity above which was observed the enhancement in the
near side long range two-particle correlation reported by
CMS Collaboration [1]. However, there is no mechanism
that produces a ridge in our model.
The experimental fact that pp collisions manifest fea-
tures similar with Pb - Pb collisions [1–8, 95] point out to
the necessity to modify κ , in describing observables in pp
collisions for HM class of events. The calculations with
SLCF contributions assume an effective string tension
value κ = 2 GeV/fm, obtained from an energy depend κ
(see Sec. II), while the results with κ = 5 GeV/fm are
obtained based on the above experimental fact. Note,
that a specific size dependent κ = κ(r) was considered
recently in PYTHIA 8 model, with r a new parameter
fixed to fit data [10].
Therefore, in Fig. 9 (Λ and Λ¯) , Fig. 10 (Ξ− and Ξ¯+),
and Fig. 11 (Ω− and Ω¯+) we show the results obtained for
pT distributions at mid-rapidity for (multi)strange parti-
cles in two event classes, corresponding to high (HM) and
low (LM) charged particle multiplicity, The calculations
for minimum bias events are included and compared to
data from Refs. [68, 69, 93]. As in the previous calcula-
tions comparison to data for HM and LM events, is made
for pT spectra obtained for a class of events which give a
value of dN thch/dη similar with those obtained in the ex-
periment < dNexpch /dη > . Theoretical predictions for the
pT dependence of Rmb for Λ+Λ¯, Ξ
−+Ξ¯+, and Ω−+Ω¯+
are presented for two scenarios: using κ = 2 GeV/fm
(panel e) and an increased value to κ = 5 GeV/fm (panel
f). The results show a clear hardening of pT spectra in
case of HM class of events. Moreover, in case of the LM
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FIG. 9. The same as in Fig. 5 for events of high (class II) and low (class VI) multiplicity. The calculations are for Λ and Λ¯.
The results for minimum bias pp collisions obtained with κ = 2 GeV/fm (dotted histograms) are included and compared to
data from CMS Collaborations [93] (open squares). Only statistical error bars are shown.
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FIG. 10. The same as Fig.5 for events of high (class II) and low (class V) multiplicity. The calculations are for for Ξ− and
Ξ¯+. The results for minimum bias pp collisions obtained with κ = 2 GeV/fm (dotted histograms) are included and compared
to data from ALICE [68, 69, 71] (open circles) and CMS Collaborations [93] (open squares). Only statistical error bars are
shown.
class of events, the Rmb ratio of (multi)strange particles
are better described using κ = 2 GeV/fm. In contrast,
an increase of effective value κ to κ = 5 GeV/fm bet-
ter describes class with HM events. The remark is true
for strange Λ + Λ¯ as well as for multi-strange (Ξ− + Ξ¯+,
Ω− + Ω¯+ ) particles in pp collisions at
√
s = 7 TeV.
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FIG. 11. The same as in Fig. 5 for events of high( class II) and low (class V) multiplicity. The calculations are for Ω− and
Ω¯+. The results for minimum bias pp collisions obtained with κ = 2 GeV/fm (dotted histograms) are included and compared
to data (open circles) from ALICE [68, 69, 71]. Only statistical error bars are shown.
To conclude, for a better description of (multi)strange
particle productions in high charged particle multiplic-
ity pp collisions, we have to consider an increase of ef-
fective string tension value from κ = 2 GeV/fm to κ
= 5 GeV/fm, is strongly supported by data. The fact
that an effective value κ = 5 GeV/fm describes better
the Rmb ratio in pp collisions at
√
s = 7 TeV, reveal
features similar with those observed in chromoelectric
flux configurations used to describe some experimental
observables in Pb - Pb collisions at
√
sNN = 2.76 TeV
[60]. The enhancement of (multi)strange hadron yields
as function of multiplicity have been associated with the
creation of a strongly interacting medium, sQGP [87].
Recently, a similar behavior was also observed for multi-
strange hadrons in high-multiplicity pp collisions [8] and
this observation challenge all string fragmentation mod-
els [10]. Finally, we remark that for pp collisions at
√
s
= 7 TeV our model predicts higher sensitivity to SLCF
effects for ID (multi)strange (Λ, Ξ, Ω) than for light
hadrons (π,K, p). The calculations assuming an effec-
tive string tension value which vary only with energy
as κ(s) = κ0 (s/s0)
0.04 GeV/fm describe fairly well the
(multi)strangeness production in the LM event classes,
but fail to describe (multi)strange production in HM
event classes. A better description is obtained for an
enhanced effective string tension value κ = 5 GeV/fm
which point out to the necessity of a new dependency on
multiplicity (or ǫini ) for the effective string tension value.
IV. SUMMARY AND CONCLUSIONS
In summary, we studied in the framework of the HI-
JING/BB¯ v2.0 model, the influence of possible strong ho-
mogeneous constant color electric fields on new exper-
imental observables measured by ALICE Collaboration,
especially for identified particle in pp, p - Pb, and Pb - Pb
collisions at
√
s = 7 TeV,
√
sNN = 5.02 TeV, and
√
sNN
= 2.76 TeV, respectively. The effective string tension κ,
control QQ¯ pair creation rates and the suppression fac-
tors γQQ¯. The measured average transverse momentum
and ratio Rmb of ID particle help to verify our assump-
tions and to set the strangeness suppression factor. We
assume in our calculations an energy and possible system
dependence of the effective string tension, κ.
For Pb - Pb collisions at
√
sNN = 2.76 TeV all nuclear
effects included in the model, e.g., strong color fields,
shadowing and quenching should be taken into account.
However, partonic energy loss and jet quenching process,
as embedded in the model, brought a fair description of
the pT distributions of identified light hadrons (π,K, p).
The discrepancy could be explained by an initial condi-
tion with a large pressure and therefore a large collective
flow, which is not embedded in our model.
For identified particle in pp collisions at
√
s = 7 TeV
we compute correlation between mean transverse mo-
mentum and multiplicity of charged particles (N∗ch) at
central rapidity as well as the ratio of double differential
cross sections normalized to the charged particle densi-
ties versus multiplicity, Rmb. In the calculations we take
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into account the variation of strong color (electric) field
with energy but not with the multiplicity (or initial en-
ergy densities, ǫini) of the colliding system. The assumed
effective string tension is κ = 2 GeV/fm, corresponding
to κ(s) = κ0 (s/s0)
0.04 GeV/fm (see Eq. 4). Since we ex-
pect in high multiplicity proton-proton collisions features
that are similar to those observed in Pb - Pb collisions, we
consider also the results obtained with an enhanced value
of the effective string tension, from κ = 2 GeV/fm to κ
= 5 GeV/fm. This increase of the strength of color fields
lead to a ratio Rmb consistent with recent data for HM
class of events, while the LM class of events are better
described using a lower effective string tension value κ =
2 GeV/fm. These results show that the above increase of
the strength of color fields could be an important dynam-
ical mechanisms. New measurements with high statistics
at low and intermediate pT (1 < pT < 6 GeV/c) of the
ratio Rmb in pp collisions at LHC energies, could help to
disentangle between different model approaches and/or
different dynamical mechanisms, especially for high mul-
tiplicity event classes.
Note, that the HIJING/BB¯ model is based on a time-
independent strength of color field, while in reality the
production of QQ¯ pairs is a time and space dependent
phenomenon, being far from equilibrium. To achieve
more quantitative conclusions, such time and space de-
pendent mechanisms [28, 73] should be considered in the
next generation of Monte Carlo codes.
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